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Wireless power transfer (WPT) has received great interest by researchers 
and industries since the beginning of 20th century. As the soaring market size 
for portable electronic and communication devices, WPT as a novel charging 
technology is applied due to many advantages. Inductive power transfer (IPT) 
as one of the wireless charging methods, which delivers energy from a primary 
side to a secondary side through an air gap by electromagnetic induction, is 
widely investigated. The main objective of this thesis is to build an IPT system 
with a specially designed resonant coil implemented, which has a significantly 
high quality factor (Q), to charge portable devices at high power transfer 
efficiency and good transmission capability. 
Firstly, basic electromagnetic laws and circuit models for coupled 
inductors are introduced. Based on the analysis using the reflected impedance 
method, it is necessary to adopt capacitive compensation in both primary and 
secondary side and operate at the resonant frequency to achieve maximum 
power transfer efficiency and minimum VA rating of the supply. 
Then, a novel design on the structure of resonant coil is proposed in order 
for high Q. To overcome the disadvantages of low Q and high cost of traditional 
resonant coil made of litz wire, the resonant coil has a structure of alternately 
stacked C-shaped conductor layers and toroid-shaped dielectric layers. The 
stack usually contains several repeating sections and only the top conductor 
layer of each section has terminals connected to the external circuit. According 
to the simulation results on current distribution, a lumped circuit model for the 
defined unit structure is established and used as a basic component to build the 




resonant frequency and number of units is derived and verified by simulations 
and experiments. A 16-unit, 8-section resonant coil with a measured Q of 1200 
at the resonant frequency of 550 kHz is prototyped and applied to the IPT system. 
Next, the IPT system for portable device charging is designed. It consists 
of a primary circuit and a secondary circuit connected by inductive coupling. 
Energy from a DC power supply at the primary side is converted by a half-
bridge circuit to a high-frequency magnetic field. The induced AC voltage 
across the secondary coil is converted to a DC voltage by a four-diode full-wave 
rectifier and further regulated by a DC/DC converter for a constant 5 V output. 
Both primary and secondary coils are compensated by capacitors to a same 
resonant frequency. A frequency tracking unit is implemented to cater the 
change of the resonant frequency to keep resonant status and a standby unit is 
implemented to reduce the power consumption when the secondary coil is 
absent. 
Finally, the hardware is built on two separate PCBs, 5 W power can be 
delivered at the highest overall power transfer efficiency of 87% at the resonant 
frequency of 106 kHz. The proposed IPT system, which has a maximum air-gap 
distance to coil diameter ratio of 1.46, is compared with other related works to 
demonstrate effective power transfer for portable device charging. 
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Chapter 1  
Background and Problem Definition 
1.1 Background 
Wireless power transfer (WPT) is a power transmission technology to 
transfer electrical power from a power source to an electrical load without using 
solid wires or conductors. It has continuously attracted interest from both 
academic and industrial communities since 19th centuries. In 1862 James Clerk 
Maxwell derived Maxwell’s equation which is the basis for modern 
electromagnetics, and in 1884 John Henry Poynting developed equations for the 
flow of power in an electromagnetic field. At the turn of the 20th century, 
Serbian-American inventor Nikola Tesla performed the first experiment in WPT 
and successfully demonstrated the use of a pair of coils to wirelessly power a 
lighting device [1]. In 1901, Tesla began construction of a large high-voltage 
coil facility, the Wardenclyffe Tower at Shoreham, New York, intended as a 
prototype transmitter for a "World Wireless System" which was to transmit 
power worldwide, but by 1904 his investors had pulled out, and the facility was 
never completed. The modern history of WPT began with the Raytheon 
Airborne Microwave Platform (RAMP) Project initiated by the US Army in the 
1950’s. The project was led to a demonstration of a helicopter platform which 
flew at an altitude of 18 m while being powered exclusively through a 
microwave beam from the ground [2]. In the past few decades, a considerable 
amount of research has been done in the field of WPT. There are two distinct 
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scenarios for WPT, namely near field and far field. The near field is referred to 
as a non-radiative type which occurs at a distance smaller than one wavelength 
between the transmitter and receiver, while the far field is considered to be a 
radiative type which propagates starting from a distance equal to two 
wavelengths to infinity between the transmitter and receiver. Different 
technologies are used for WPT in these two regions. As for near field, inductive 
coupling, capacitive coupling and magnetodynamic coupling are mainly applied. 
For far field, microwaves and lasers are utilized. Table 1.1 compares the features 
of these technologies. Since the 1990s, near field WPT systems have been 
widely investigated, particularly for applications in charging electric vehicles 
[3-10] and portable equipment, such as laptop computers [11-12] and mobile 
phones [13-22]. Fig. 1.1 shows various applications using WPT technology 
nowadays. 
Table 1.1 Comparison of different WPT technologies. 
Technology Range Frequency Antenna devices 
Inductive coupling Short Hz-MHz Wire coils 
Capacitive coupling Short kHz-MHz Electrodes 
Magnetodynamic Short Hz Rotating magnets 
Microwaves Long GHz Parabolic dishes, phased arrays, rectennas 
Light waves Long ≥THz Laser, photocells, lenses, telescopes 




Fig. 1.1. Applications using WPT technology: (a) portable devices, (b) electric vehicles, (c) 
implantable devices, (d) underwater environment, (e) industrial environment, and (f) outer 
space. 
1.2 Review on WPT for Portable Device Charging 
The dawn of portable electronic and communication devices since the 
1980s has brought huge benefits to human society [23]. A variety of portable 
devices, such as smart phones, Bluetooth headsets and tablet computers, have 
come out in the last ten years. The market size for a range of portable electronic 
products from 2009 to 2016 are shown in Table 1.2. Among these portable 
electronic products, the market size of mobile phones alone is expected to 
exceed 2.2 billion by 2015, which is over 50% growth of that in 2009. The 
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Table 1.2. Market size for some portable electronic products [23]. 
Portable Products 
Market Size (Million Units) 
2009 2010 2011 2012 2013 2014 2015 2016 
Mobile Phones 1421 1696 1841 1963 2069 2160 2236 2291 
Bluetooth Headsets 62 65 45 50 60 85 110 150 
Tablets 0 16.7 60 90 130 185 241 300 
Notebook Computers 135 164 189 210 232 280 315 380 
Digital Cameral 120 118 127 131 140 145 159 169 
Portable DVD 22 20 27 32 28 34 38 43 
Nintendo DS 31 27 17 14 12 10 10 10 
PSP 16 14 9 15 18 18 18 18 
However, booming consumption on portable battery-powered products 
with private chargers comes along with an increasing electronic waste issue [24]. 
Great efforts have been made by the Groupe Speciale Mobile Association 
(GSMA) in promoting the use of micro-USB to standardize the cord-based 
charging interface. Besides the standard cord-based charging option, WPT 
technology has emerged as an attractive and user-friendly solution to a common 
charging platform for a wide range of portable devices. It offers advantages such 
as minimum or no external charging accessories, availability for multiple 
devices simultaneously and a lower risk of electric shock in harsh environment. 
Such advantageous features have attracted over 135 worldwide companies to 
form the Wireless Power Consortium (WPC), which launched the first interface 
standard “Qi” for wireless charging in 2009 [25]. It marks that WPT technology 
for portable device charging has reached commercialization stage. So far, WPT 
has grown from a fledgling technological case to a $1 billion industry around 
the world [26] and the world markets for WPT—encompassing mobile devices, 
consumer electronics, industrial applications, infrastructure devices and electric 
vehicles—will triple over the next few years, growing from $4.9 billion in 
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revenue in 2012 to $15.6 billion in 2020, according to a report by Pike Research 
as shown in Fig 1.2 [26]. 
 
Fig. 1.2. World markets revenue in WPT by application [26]. 
In all near-field WPT technologies thus far, energy is coupled from a 
primary side to a secondary side through an air gap. Especially in inductive 
power transfer (IPT) systems, energy is transferred between inductively coupled 
windings based on the principle of electromagnetic induction. An IPT system is 
essentially a specially structured transformer which contains two or more 
windings separated by air gaps instead of wrapped around a closed magnetic 
core in a conventional transformer. When a varying current flows in the primary 
winding, a varying magnetic flux is created throughout the winding and 
impinges on the secondary winding. The varying magnetic flux induces a 
varying electromotive force in the secondary winding. Thus, the energy 
consumed by the load on the secondary side is from that of the source output on 
the primary side which flows through the transmitter circuit, the air gap and the 
receiver circuit, and finally reaches the load. A typical IPT system is illustrated 
in Fig. 1.3. 









Fig. 1.3. Block diagram of an IPT system. 
The overall efficiency of the IPT system greatly depends on the capability 
of energy transmission from the primary winding to the secondary winding. Due 
to a separation between these two windings, a larger portion of the magnetic 
flux generated by the primary winding cannot be received by the secondary 
winding. The portion will significantly increase if the windings are placed far 
apart or aligned with an angle. Therefore, the overall efficiency of IPT systems 
is not high when a large separation between the primary winding and the 
secondary winding exists. 
In order to increase the overall efficiency of IPT systems, researchers focus 
on two main aspects. One is to improve the design of windings [27-48]. For 
example, a uniform magnetic field distribution in a planar wireless charging 
platform contributes to small efficiency discrepancy between best and worst 
positions of secondary windings. As for the shape of planar windings, X. Liu 
investigated the magnetic field distribution of both circular structure and 
rectangular structure [27]. W. X. Zhong derived optimal dimensional 
relationship between the planar transmitter winding array and the receiver 
winding to achieve effective area coverage [28]. U. M. Jow presented an optimal 
design methodology for an overlapping hexagonal planar winding array for 
creation of a homogenous magnetic field [29]. The structure of magnetic core 
is also an important part of coil design. Pot type [30], plate type [31], bar type 
[33], cylinder type [32], E type [34], loop type [35] and dipole type [36] of 
ferrite cores are implemented in different applications to maximize power 
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transmission efficiency, respectively. Besides magnetic structure, enhanced 
magnetic material is a topic in IPT [48]. 
The other aspect is to improve the circuit design of IPT systems [49-61]. 
In an IPT system, compensating circuits are always implemented in primary and 
secondary to achieve resonant status. Characteristics of different structures of 
compensating capacitors are presented and their influence on power 
transmission efficiency is analyzed [49-51]. In [51], Q. W. Zhu proposed a 
method to optimize four compensating capacitors used in a 3.3 kW IPT system 
for electric vehicle. The structure of four compensating capacitors were also 
used by R. Azambuja [52] and their value were computed using a search 
algorithm based on Monte Carlo, which significantly improved the efficiency 
and output power. Moreover, an IPT system is typically operated at from several 
hundred kHz up to tens of MHz. Therefore, soft switching technique contributes 
greatly to the decrease of switching losses. Zero voltage switching (ZVS) or 
zero current switching (ZCS) is widely applied in many applications [54-58]. 
1.3 Problem Definitions and Research Objectives 
Unlike charging with wires, the design of an IPT system has many special 
considerations. Major requirements for an IPT system for portable device 
charging applications are summarized as follows: 
1) High efficiency: Power transfer efficiency is the most important 
parameter and determines the performance of an IPT system. High 
power transfer efficiency is a basic requirement. 
2) High transmission capability: Higher transmission capability means 
further transmission distance with the same coil dimension. It is a 
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typical feature of wireless charging and useful when a large air gap 
between the primary and secondary coil exists. 
3) Operating at resonance: At resonant status, a strong magnetic field 
links the primary and secondary coil so that energy is transferred from 
the source to the load to its greatest extent. 
4) Coil aligning: Guided positioning uses magnetic attraction to align and 
fix the secondary coil with the primary coil. Free positioning uses 
either a mechanically movable primary coil underneath the surface of 
charging platform, or a primary winding array to align an arbitrarily 
placed secondary coil. 
5) Low weight and small volume suitable for embedded in portable 
devices. 
6) Low cost and easy fabrication. 
In existing research, coils implemented are made of litz wire, which usually 
have a quality factor (Q) of several hundred. It limits both power transfer 
efficiency and fabrication cost. Moreover, resonance are not effectively 
preserved when operating conditions, such as the distance between the primary 
and secondary coils, change. To overcome these disadvantages, this research 
has the following specific objectives: 
1) Design a novel structure of resonant coil to achieve a significantly high 
value of Q. Based on simulations and circuit analysis, prototypes are 
fabricated to verify predicted properties. 
2) Design an IPT system with the proposed high-Q resonant coil 
implemented for portable device charging applications. It has both a 
high power transfer efficiency and a good transmission capability. 
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3) Apply a frequency control unit in the IPT system to maintain resonant 
status by adjusting the operating frequency following the varying 
resonant frequency when working conditions change. 
4) Apply a standby unit in the IPT system to minimize energy 
consumption when the secondary side is absent. 
1.4 Thesis Contributions 
The major contributions of the thesis are summarized as follows: 
1) A novel design on the structure of resonant coil is proposed. This new 
structure is a stack of thin conductor and dielectric layers filling the 
winding area of an open pot core. It helps greatly to increase the Q of 
resonant coil over 1000, which is significantly higher than the Q of 
several hundred of conventional windings made of litz wire. It reduces 
the fabrication cost of the resonant coil, since litz wire is more 
expensive than cooper sheets to mitigate the skin effect and proximity 
effect losses, especially when the strand diameter is required below 50 
m at high frequencies of MHz. 
2) An IPT system for portable device charging application is proposed. 
The system consists of a primary circuit subsystem and a secondary 
circuit subsystem, both compensated by capacitors in order to 
maximize the power transfer efficiency at the resonant frequency. A 
frequency tracking unit is implemented in the primary circuit to tune 
the operating frequency following the varying resonant frequency, 
which is caused by changing working conditions. With the specially 
designed resonant coil applied in the primary circuit, energy can be 
transferred from the primary side to the secondary side at a high 
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efficiency when resonance occurs, and the capability of transmission 
distance, defined as the ratio of the maximum transmission distance to 
the coil dimension, is better than most of other IPT systems. 
1.5 Thesis Outline 
The thesis is divided into six chapters. The layout of the thesis is given as 
follows. 
In Chapter 2, the fundamental electromagnetic theory of IPT, including 
Ampère's circuital law and Faraday's law of induction, and the characteristics 
of ferromagnetic materials are introduced. Circuit analysis for basic RLC 
resonant circuits and coupled inductors are presented. The reflected impedance 
approach used for solving coupled inductors suggests that capacitive 
compensation are needed to increase the power transfer efficiency. Therefore, 
four types of capacitive compensating topologies are proposed and equations 
for choice of the values of compensating capacitors are derived, respectively. 
Losses in real coupled inductors, including skin effect, proximity effect and 
magnetic core, are introduced and approaches to diminish these losses are also 
discussed. 
In Chapter 3, a novel design on the structure of high-Q resonant coil is 
comprehensively introduced. Based on the proposed stacked topology, 
simulations are performed to investigate the current distribution in conductor 
layers and dielectric layers. According to the simulation results, the distributed 
circuit model for the resonant coil can be simplified by using a lumped circuit 
model. With this lumped circuit model, the formula of resonant frequency of the 
resonant coil is derived. Prototypes are fabricated using copper sheets, 
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insulation paper and high-permeability ferrite cores, and are measured to verify 
the resonant frequency and effectively high Q.  
In Chapter 4, the IPT system for portable device charging is designed. It 
consists of a primary subsystem and a secondary subsystem. In the primary 
circuit, a DC voltage is converted to a high-frequency square wave by the half-
bridge inverter, and then the square-wave voltage is applied across the resonant 
tank. The operating frequency is controlled by a frequency tracking unit to 
ensure that the resonant status is always maintained. In the secondary circuit, 
the induced AC voltage across the secondary coil is converted to a pulsating DC 
voltage by a full-wave rectifier and regulated by a DC/DC converter, resulting 
in a constant and suitable DC voltage for charging. Moreover, a standby mode 
is designed to minimize energy consumption when the secondary side is absent. 
For the whole system, design considerations and chip selections are introduced 
in detail. 
In Chapter 5, a prototype of the proposed IPT system for portable device 
charging is presented. Modules of the system are tested and evaluated based on 
their waveforms. The performance of frequency tracking unit and the efficiency, 
including overall power transfer efficiency and coupling efficiency, are 
measured when the distance between the primary and secondary coil varies. 
Finally, comparisons between the proposed system and other IPT works are 
made according to the power transfer efficiency and transmission distance 
capability. 
Chapter 6 gives a summary of the thesis and possible further works to do 
in the future. 
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Chapter 2  
Theoretical Analysis of Inductive 
Power Transfer 
2.1 Introduction 
This chapter mainly focuses on the theoretical analysis of IPT. In Section 
2.2, two basic laws in classical electromagnetism, Ampère's circuital law and 
Faraday's law of induction, are briefly reviewed. The magnetic characteristics 
of substances and the magnetization curve of ferromagnetic materials are 
introduced in Section 2.3. Then, in Section 2.4, basic RLC resonant circuits, 
including series RLC and parallel RLC, are analyzed and parameters describing 
their characteristics are defined. Next, in Section 2.5, circuit models for coupled 
inductors are presented, including ideal transformer model and real transformer 
model. In Section 2.6, a reflected impedance method to solving coupled 
inductors is given. Based on this method, factors influencing on the power 
transfer efficiency are investigated. In Section 2.7, four types of capacitive 
compensating circuit are introduced respectively and equations for choice of the 
values of compensating capacitors are derived. Finally, in Section 2.8, losses of 
IPT systems resulting from skin effect, proximity effect and magnetic core are 
presented and approaches to diminish these losses are also discussed. This 
chapter is concluded in Section 2.9. 
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2.2 Ampère's Circuital Law and Faraday's Law of 
Induction 
There are two basic laws which lay the theoretical foundation of IPT. These 
laws are termed as Ampère's circuital law and Faraday's law of induction, which 
are part of Maxwell’s equations [62]. 
In classical electromagnetism, Ampère's circuital law, discovered by 
André-Marie Ampère in 1826, relates magnetic fields to electric currents which 
produce them. Ampère's circuital law can be written in two forms, the integral 
form and the differential form, which are equivalent by the Kelvin-Stokes 
theorem. In its integral form, Ampère's circuital law is a line integral of the 
magnetic field around an arbitrary closed curve 𝒞. The curve 𝒞 in turn bounds 
a surface 𝒮 which the electric current passes through, and encloses the current. 
As shown in Fig. 2.1, the line integral of the magnetic B field around the closed 
curve 𝒞 is proportional to the total current ∑ 𝐼 passing through the surface 𝒮 
enclosed by 𝒞: 
 
0 0d d I      B J , (2.1) 





(a) (b)  
Fig. 2.1. Ampère's circuital law: (a) the magnetic B field around current I, and (b) the line 
integral of the magnetic B field around an arbitrary closed curve 𝒞. 
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Consider an infinite straight wire in vacuum shown in Fig. 2.1 as a special 
case. The current is coming out of the page. Due to symmetry, the magnetic 
field lines are concentric circles in planes perpendicular to the wire and are in 
the direction the fingers of the right hand curl if the wire was wrapped by them 
with the thumb in the direction of the current. Suppose that the closed curve 𝒞 
is a circle of radius r centered on the wire. The magnetic flux density can be 
calculated by the line integral: 
 








 . (2.3) 
According to (2-3), we can easily conclude that the magnetic flux density B 
around an infinite straight wire in vacuum is proportional to the current I and 
inversely proportional to the distance r. 
Faraday’s law of induction, as a basic law of electromagnetism, implies 
that an electromotive force, also called emf, is induced in any closed circuit by 
a time-varying magnetic flux through the circuit. This phenomenon is called 
electromagnetic induction. Faraday’s law of induction makes use of the 
magnetic flux through a hypothetical surface 𝒮 whose boundary is a wire 
loop ℒ shown in Fig. 2.2. The magnetic flux is defined by a surface integral: 
 d   B . (2.4) 
B
 
Fig. 2.2. Magnetic flux density B through a surface 𝒮 bounded by loop ℒ. 
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  . (2.5) 
The direction of the induced current caused by the emf is given by Lenz’s law, 
which indicates that the magnetic field produced by the induced current opposes 
the original change in magnetic flux. As an example in Fig 2.3, the movement 
of the magnet in the given direction will increase the magnetic flux through the 
conductor loop and induce a circular current whose magnetic field is in the 







Fig. 2.3. The circular current I induced by the increasing magnetic flux produced by a moving 
magnet in the given direction. 
2.3 Magnetic Material Characteristics 
All materials are influenced to some extent by a magnetic field. The overall 
magnetic behavior of a material can vary widely. Several forms of magnetic 
behavior have been observed in different materials, including: 
 Ferromagnetic and ferrimagnetic materials are attracted to a magnet 
strongly enough that the attraction can be felt. These materials can 
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retain magnetization and become magnets even if the magnetic field 
is withdrawn. Common ferromagnetic materials are iron, nickel cobalt, 
their alloys, and some alloys of rare earth metals. 
 Paramagnetic materials, such as platinum, aluminum and oxygen, are 
weakly attracted to either pole of a magnet. This attraction is hundreds 
of thousands of times weaker than that of ferromagnetic materials. 
 Diamagnetic substances are repelled by both poles. Compared to 
paramagnetic and ferromagnetic substances, diamagnetic substances, 
such as carbon, copper, water and plastic, are even more weakly 
repelled by a magnet. The permeability of diamagnetic materials is 
less than the permeability of vacuum. 
Ferromagnetic materials play a vital role in a wide variety of applications, 
such as magnetic recording media, speakers, electric motors, medicine and so 
on. In the context of electromechanical energy conversion devices, the 
importance of magnetic materials is twofold. One is to obtain large magnetic 
flux densities with relatively low levels of magnetizing force. Since magnetic 
force and energy density increase with increasing flux density, this feature is of 
great importance in the performance of energy conversion devices. The other is 
to constrain and direct magnetic fields in well-defined paths. In a transformer, 
they are used to direct magnetic flux to maximize the coupling between 
windings. In an electric machine, magnetic materials are used to shape the field 
to obtain desired torque production. 
When an external magnetic field is applied to a ferromagnet, the domain 
magnetic moments tend to align with the applied field [63]. As a result, the 
domain magnetic moments add to the applied field, producing a much larger 
value of flux density than that produced by magnetizing force alone. The 
effective permeability , equal to the ratio of the magnitude of total magnetic 
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flux density B to the magnitude of applied magnetic field strength H, is much 
larger than compared with the permeability of free space 0. As the magnetizing 
force is increased, this behavior continues until all the magnetic moments are 
aligned with the applied field; at this point they can no longer contribute to 
increasing the magnetic flux density, and the ferromagnet is said to be fully 
saturated.  
When the applied magnetic field is reduced to zero, although domain 
magnetic moments tend to relax towards their initial orientation, the magnetic 
dipole moments will no longer be totally random in their orientation and they 
will retain a net magnetization component along the applied field direction, 
which is called remanence and denoted as Br. 
When the magnetic field in the opposite direction is applied and increased 
gradually, the magnetic dipole moments will disorder further and become totally 
random at some point, where the intensity of the applied magnetic field is called 
coercivity and denoted as Hc. 
The above phenomenon is known as magnetic hysteresis. Due to this 
hysteresis, the relationship between magnetic flux density B and magnetic field 
strength H for ferromagnetic material is both nonlinear and multivalued. 
Starting at the origin, the upward dash curve is the initial magnetization curve. 
The initial magnetization curve increases rapidly at first and then approaches an 
asymptote called magnetic saturation. If the applied magnetic field changes 
from one direction to the opposite, then back to the original direction, and the 
strength of the field varies in a cycle, the H-B curve will form a hysteresis loop, 
called the main loop, shown in Fig. 2.4. The intercepts of the main loop are 
remanence Br and coercivity Hc, respectively. 









Fig. 2.4. Magnetization curve of a typical ferromagnetic material. 
2.4 RLC Resonant Circuit 
Electrical resonance occurs in an electric circuit at some particular 
frequencies, named resonant frequencies, when the imaginary parts of 
impedances or admittances of circuit elements cancel each other. The simplest 
resonant circuit is an RLC resonant circuit consisting of a resistor R, an inductor 
L, and a capacitor C. These three components are connected in series or in 
parallel, called series RLC circuit or parallel RLC circuit respectively, as shown 
in Fig. 2.5. 
LR
C LR C
(a) (b)  
Fig. 2.5. RLC resonant circuit: (a) series RLC, and (b) parallel RLC. 
In the series RLC resonant circuit of Fig. 2.5(a), the total impedance seen 
from the AC voltage source can be calculated as: 










      
 
. (2.6) 
Its magnitude |Z| and phase  are: 
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According to the definition of resonant frequency, the resonant frequency of the 






 . (2.9) 
The relationships between the magnitude of impedance and frequency, and 
















(a) (b)  
Fig. 2.6. The impedance of series RLC circuit versus frequency: (a) magnitude, and (b) phase. 
Thus, the magnitude of current flowing through the series circuit is also a 
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 . (2.11) 








Fig. 2.7. The magnitude of current flowing through a series RLC circuit versus frequency. 
Similarly, in the parallel RLC resonant circuit of Fig. 2.5(b), the total 
admittance seen from the AC current source can be calculated as: 
 
1 1





      
 
, (2.12) 
where G is the conductance. The resonant frequency of the parallel RLC circuit 






 , (2.13) 
which equals to that of series RLC resonant circuit. At resonant frequency, the 






 . (2.14) 
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As for a parallel RLC resonant circuit, if the resistance of winding RL is 
considered as shown in Fig. 2.8, the total admittance seen from the AC current 
source is: 
 







R R j L
R L
j C








   
      
    
. (2.15) 































the resonant frequency approximately equals to that of the parallel RLC 











Fig. 2.8. Parallel RLC resonant circuit with non-negligible winding resistance. 
The essence of resonance is that energy in a system is stored and 
transferred easily between two or more different storage modes. For example, 
in a RLC resonant circuit, resonance occurs because energy is stored in two 
different ways: in an electric field as the capacitor is charged and in a magnetic 
field as current flows through the inductor. At resonant status, energy oscillates 
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significantly back and forth between the capacitor and the inductor within the 
circuit. The resistance in the circuit damps the oscillation so that energy is 
dissipated as heat in the resistance per cycle. A physical quantity is to create to 
describe this characteristic. 
The quality factor, Q, is a dimensionless parameter to describe how under-
damped an oscillator or resonator is. It is defined in term of the ratio of the peak 

















In a series RLC resonant circuit, at its resonant frequency, the average power 
dissipated by the resistor is given by: 
 
2
0SP R I , (2.20) 
where I0 is the current flowing in the circuit at resonance. The maximum energy 
stored in the circuit is given by: 
 
2
0SE L I . (2.21) 






 , (2.22) 
where  is the resonant angular frequency, and the Q factor is inversely 
proportional to the resistance R. 
Similarly, in a parallel RLC resonant circuit, at its resonant frequency, the 
average power dissipated by the resistor is given by: 
 
2
0PP G V , (2.23) 
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where V0 is the voltage across the resistor at resonance. The maximum energy 
stored in the circuit is given by: 
 
2
0PE C V . (2.24) 






 , (2.25) 
where  is the resonant angular frequency, and the Q factor is proportional to 
the conductance G. 
In an IPT system, a coil with high Q is always needed. A higher value of Q 
indicates a greater resonant amplitude and a lower rate of energy loss relative to 
the stored energy in the resonator. A typical value of Q for a coil implemented 
in an IPT system is at several hundred. In the next chapter, a novel design of the 
coil structure with a value of Q above 1000 will be introduced and analyzed. 
2.5 Circuit Model of Coupled Inductors 
2.5.1 General Coupled Inductors 
Coupled inductors is a fundamental structure implemented in many 
electrical circuits and devices, such as transformers which transfers energy 
between two or more circuit through electromagnetic induction. Since an 
inductive power transfer system is essentially a transformer, the circuit model 
for coupled inductors is also applied to IPT analysis. 
Fig. 2.9 shows a circuit model for two coupled inductors. Their self-
inductance are LP and LS respectively, and the mutual inductance between them 
is M. The dot markings indicate terminals of corresponding polarity, i.e., if 
currents flow through the primary and secondary inductors from their dot-
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marked terminals, the flux generated by each inductor itself will have 
contributions to the increase of that in the other. According to the theory of 












  , (2.27) 
where vP and vS are the voltages across the primary inductor and the secondary 
inductor, respectively, and iP and iS are the currents trough the primary inductor 






Fig. 2.9. Circuit model for two coupled inductors. 
Then, (2.26) and (2.27) can be written as: 
   SP PP P
didi di
v L M M
dt dt dt
 
    
 
, (2.28) 
  S SPS S
di didi
v M L M
dt dt dt
 
    
 
. (2.29) 
From (2.28) and (2.29), we can equivalently get another circuit model for 
coupled inductors represented by a T-circuit of inductors as shown in Fig. 2.10. 
Chapter 2 Theoretical Analysis of Inductive Power Transfer 
25 
 





Fig. 2.10. Equivalent T-circuit model for two coupled inductors. 
The mutual inductance, M, here is a measure of the coupling between two 
inductors. It has a relationship with the coupling coefficient k: 
 
P SM k L L . (2.30) 
Since, the coupling coefficient is always between 0 and 1, it is convenient to use 
k to specify the relationship between a certain orientation of inductors with 
arbitrary inductance. When 𝑘 = 0, there is no inductive coupling between two 
inductors. When 𝑘 = 1, all the lines of flux of one inductor cut all the turns of 
the other, i.e., the two inductors are perfectly coupled. 
2.5.2 Transformer 
A transformer is an electrical device which transfers energy between two 
or more circuits through electromagnetic induction. Coupled inductors play a 
vital role in a transformer. For simplification or approximation purpose, it is 
common to analyze the transformer as an ideal transformer model. An ideal 
transformer is a theoretical, linear transformer which is under the assumption 
that winding resistances are negligible, that all the flux is confined to the core 
and links both windings, that there are no losses in the core, and that the 
permeability of the core is so high that only a negligible exciting magnetomotive 
force, also called mmf, is required to establish the flux [64]. In an ideal 
transformer, since flux is completely confined within the magnetic core, all the 
flux generated by the inductors cuts all the turns of all inductors, i.e., the 
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coupling coefficient of an ideal transformer is 1.These properties above are 
closely approached but never actually attained in practical transformers. The 







Fig. 2.11. Circuit model for an ideal transformer. 
Fig. 2.11 shows an ideal transformer with a primary winding of NP turns 
and a secondary winding of NS turns. The winding turns ratio is denoted as . 
According to Faraday’s law of induction, since the same magnetic flux passes 















  . (2.32) 





 . (2.33) 
From (2.33), the transformer winding voltage ratio is thus directly proportional 
to the winding turns ratio. If 𝛼 > 1, it is a step-down transformer. If 𝛼 < 1, it 
is a step-up transformer.  
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Since the core permeability is assumed very large, the net exciting mmf 
acting on the core is negligible. Thus, for the reference directions shown in Fig. 
2.11, there exists: 







 . (2.35) 
Also notice from (2.33) and (2.35) that 
 P P S Sv i v i , (2.36) 
i.e., instantaneous power input to the primary equals the instantaneous power 
output from the secondary, because all the dissipative and energy storage 
mechanisms in the transformer have been neglected. 
A more complete model for a real transformer must take into account the 
effects of winding resistances, leakage flux, and finite exciting current due to 
the finite permeability of the core. Fig. 2.12 shows the equivalent circuit models 
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Fig. 2.12. Circuit models for a real transformer. 
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Referring to Fig. 2.12(a), a real transformer can be seen to be equivalent to 
an ideal transformer with external impedances. Winding joule losses and 
leakage reactances are represented by the series loop impedances, RP and Xl,P 
for the primary winding, and RS and Xl,S for the secondary winding. Core loss 
and reactance is represented by the shunt leg impedances, RC for core losses and 
XM for magnetizing reactance. By referring all quantities to the primary side, the 
ideal transformer can be moved out to the right as shown in Fig. 2.12(b), which 
is called the equivalent-T circuit for a transformer. 
2.6 Reflected Impedance Model 
A useful approach to analyze coupled windings is reflected impedance 
model. Fig. 2.13 shows the circuit model for coupled windings using current-
controlled voltage sources (CCVS). Assuming sinusoidal voltages and currents 
are applied. For the reference direction, the values of CCVS are: 
 P SE j MI  , (2.37) 








Fig. 2.13. Circuit model for coupled windings using CCVS. 
We defined the secondary impedance ZS as the total impedance as seen 
from the CCVS, given by: 
 S S S LZ R L Z   , (2.39) 
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where RS is the winding resistance, LS is the winding inductance, and ZL is the 







  . (2.40) 







E j MI I
Z

   . (2.41) 










 . (2.42) 
From the analysis above, the existence of the load on the secondary side 
influences the primary circuit as a reflected impedance by voltage drop and 
power consumption. According to the reflected impedance Zr, the circuit model 
for coupled windings with a load can be simplified by removing the secondary 





Fig. 2.14. Circuit model for coupled inductors using reflected impedance. 
From Fig. 2.14, the real power transferred from the supply to the load is 
calculated as: 
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It shows that the real power transferred from the supply to the load is influenced 
by the total impedance of the secondary circuit besides the impedance of the 
load. When the resistance of the secondary winding is much smaller compared 
with that of the load, i.e., Re(ZS)≈Re(ZL), the real power transferred is: 
  
2
ReL P rP I Z . (2.44) 
According to (2.44), the real power transferred to the load equals to the real 
power consumed by the reflected impedance, which proves that the reflected 
impedance model is also equivalent in terms of power transferred. 
































As (2.45) suggests, larger load resistance, mutual inductance and operating 
frequency, and smaller resistances of coupled windings and secondary 
impedance will have a contribution to the increase of efficiency. In order to 
attain higher power transfer efficiency, besides reducing the resistances of 
primary and secondary windings and achieving stronger inductive coupling, an 
easy approach is to operate at the resonant frequency of the secondary circuit to 
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minimize the magnitude of the secondary impedance. However, the resonant 
frequency of the basic secondary circuit could be very high so that at relatively 
high frequencies, large active power flows in the circuit. Thus, real power 
supplied will decrease if VA rating is constant or a larger VA rating is needed in 
order to increase the real power output. This is one of the major disadvantages 
of using basic IPT configuration for power transfer. To overcome this, 
capacitive compensation in both primary and secondary circuit is implemented. 
2.7 Capacitive Compensation 
Capacitive compensation is often used in IPT systems to increase the 
power transfer efficiency and power transfer capability. Typically, 
compensating capacitors are implemented in both the primary and secondary 
circuit of an IPT system. The purpose of the secondary compensating capacitor 
is to increase the power transfer efficiency and enhance the power transfer 
capability. The purpose of the primary compensating capacitor is to decrease 
the VA rating provided by the power supply and ensure a relatively high power 
factor. Compensating capacitors essentially store and supply reactive power 
from and to the coupled inductors, reducing the amount of reactive power drawn 
from the supply [65]. 
There exist four basic types of compensating topologies. Depending on the 
serial (S) or parallel (P) connection of compensating capacitors in the primary 
and secondary circuit, they are SS, SP, PS and PP as shown in Fig. 2.15. 
















Fig. 2.15. Four types of compensating topologies: (a) SS, (b) SP, (c) PS, and (d) PP. 
According to (2.45), no matter which above topology is applied, it is 
necessary that the IPT system operates at the resonant frequency of the 
secondary circuit to increase the power transfer efficiency. When operating at 
this frequency, the inductance of secondary winding is fully compensated by the 
secondary compensating capacitor and therefore the impedance of the 
secondary circuit is purely resistive in nature. As for the primary compensating 
capacitor, in all types of compensation, the value is so chosen that the total 
impedance as seen from the power supply is purely resistive in nature. It ensures 
minimum possible VA rating of the power supply and maximum magnitude of 
current flowing through the primary winding. 
In the following sections, both series and parallel compensation in primary 
and secondary circuit are analyzed and equations are derived for choice of 
values of compensating capacitors according to reflected impedance method. A 
pure resistive load is considered and since the resistance of both primary and 
secondary windings are comparatively small in general, they are ignored 
through the derivation. 
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2.7.1 Secondary Compensation 
Equivalent circuits using CCVS for both series and parallel secondary 
compensation are shown in Fig. 2.16. The CCVS is controlled by the current 











Fig. 2.16. Equivalent circuits using CCVS for (a) series secondary compensation, and (b) 
parallel secondary compensation. 
As for series compensation, the secondary impedance as seen from the 









   . (2.46) 
The secondary impedance should be fully compensated to be purely resistive to 










 , (2.47) 
where 0 is the resonant angular frequency of the secondary circuit. When 
operating at this frequency, the reflected impedance can be calculated according 
to (2.42): 
 








 , (2.48) 
which is purely resistive. 
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Similarly, for parallel compensation, the secondary impedance as seen 
from the CCVS is calculated as: 
 
2
2 2 2 2 2 21+ 1+
SP LL
SP S
SP L SP L
C RR
Z j L





   
 
. (2.49) 
Generally, 0 chosen ensures 
 2 2 20 1SP LC R . (2.50) 
Let the imaginary part equal to 0. Thus, the secondary compensating capacitor 









 , (2.51) 
which equals to that of series compensation. Similar to series compensation, 
when operating at the secondary resonant frequency, the reflected impedance 











 , (2.52) 
which is also purely resistive. 
2.7.2 Primary Compensation 
Equivalent circuits of both series and parallel primary compensation are 
shown in Fig. 2.17. The secondary impedance is reflected to the primary based 
on above discussion.  












Fig. 2.17. Equivalent circuits with reflected impedance for (a) series primary compensation, 
and (b) parallel primary compensation. 
When operating at the secondary resonant frequency, no matter what type 
of compensating the secondary uses, the reflected impedance is purely resistive, 






      if series secondary compensation


















In order for minimum possible VA rating of the power supply and maximum 
magnitude of current flowing through the primary winding, the primary 
impedance as seen by the power supply should also be fully compensated. As 









   . (2.54) 









 . (2.55) 
Similarly, for parallel compensation, the primary impedance as seen from 
the power supply is given as: 
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. (2.56) 
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Generally, 0 chosen ensures 
 2 2 2
0 1PP rC R . (2.57) 
Let the imaginary part equal to 0. Thus, the secondary compensating capacitor 









 . (2.58) 









 , (2.59) 
no matter what type of compensation is applied in the secondary circuit. The 









 , (2.60) 
no matter what type of compensation is applied in the primary circuit. 
2.8 Energy Losses 
2.8.1 Skin Effect 
The skin effect, first described in a paper by Horace Lamb in 1883, is the 
tendency for high-frequency alternating currents to become distributed within a 
conductor such that the current density is largest near the surface of the 
conductor, and decrease with greater depths in the conductor. The cause of the 
skein effect field is electromagnetic induction. An alternating current in a 
conductor produces an alternating magnetic field in and around the conductor. 
The change in the magnetic field, in turn, creates an electric field which opposes 
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the change in the current. This opposing electric field is strongest at the center 
of the conductor, and forces the conducting electrons to the outside of the 
conductor, resulting in greatest current density at the surface of the conductor 
with a reduced magnitude deeper in the conductor. Based on the theory of 
electromagnetism, the alternating current density J in a conductor decreases 
exponentially from its value at the surface JS according to the depth d from the 






 , (2.61) 
where  is called skin depth, defined as the depth below the surface of the 
conductor at which the current density has fallen to 𝑒−1 of JS. In normal cases, 










where  is resistivity of the conductor,  is angular frequency of the current, r 
is relative magnetic permeability of the conductor, and  is the permeability of 
free space. Fig. 2.18 gives a schematic diagram of current distribution in a 
cylindrical conductor caused by the skin effect. 
I
 
Fig. 2.18. Schematic diagram of current distribution in a cylindrical conductor caused by the 
skin effect, with dark color showing high current density. 
Skin depth is proportional to square root of the resistivity of the conductor, 
which means that better conductors have a reduced skin depth. Skin effect also 
varies as the inverse square root of the permeability of the conductor, so a 
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ferromagnetic conductor typically has a relatively small skin depth. Table 2.1 
lists the skin depth of some common conductive materials at different 
frequencies. 
Table 2.1. Skin depth of some conductive materials. 
Material 
Skin Depth (m) 
f=60 Hz f=103 Hz f=106 Hz f=109 Hz 
Copper 8.61 × 10−3 2.1 × 10−3 6.7 × 10−5 2.11 × 10−6 
Iron 6.5 × 10−4 1.6 × 10−4 5.03 × 10−6 1.6 × 10−8 
Seawater 32.5 7.96 0.25 7.96 × 10−3 
Wet Soil 650 159 5.03 0.16 
According to (2.61), over 98% of the current flows within a layer 4 times 
the skin depth from the surface, which is distinct from that of direct current 
usually distributed evenly over the cross-section of the wire. Therefore, when 
an AC current flows through a conductor, the skin effect causes the effective 
resistance of the conductor larger than that when a DC current flows through. 
At higher frequencies where the skin depth is smaller, the increase of the 
effective resistance is significant. The effective resistance can be approximately 
solved as if the current flowed uniformly through a layer of thickness  based 
on the DC resistivity. Thus a long cylindrical conductor, such as wire, with a 
length L and a diameter D much larger compared to , has a resistance 











where  is resistivity of the conductor. 
To mitigate skin effect, a type of cable called litz wire is used for 
frequencies of a few kHz to about one MHz. It consists of a number of insulated 
wire strands woven together in a carefully designed pattern, so that the overall 
magnetic field acts equally among them. With the skin effect having little effect 
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on each of the thin strands, the bundle does not suffer the same increase in AC 
resistance that a solid conductor of the same cross-sectional area would due to 
the skin effect. 
2.8.2 Proximity Effect 
The term proximity effect refers to the influence of alternating current in 
one conductor on the current distribution in another nearby conductor. The 
reason for proximity effect is also electromagnetic induction. 
When an AC current flows through a conductor, it creates an associate 
alternating magnetic field around it. The alternating magnetic field induces eddy 
currents in adjacent conductors, altering the overall distribution of current 
flowing through them. The result is that the current is concentrated to smaller 
regions. For example, if two wires carrying the same AC current lie parallel to 
one another, such as a coil used in an inductor or transformer, the magnetic field 
of one wire will induce longitudinal eddy currents in the adjacent wire, which 
flow in long loops along the wire, in the same direction as the main current on 
the side of the wire facing away from the other wire, and back in the opposite 
direction on the side of the wire facing the other wire. Therefore, the eddy 
current will reinforce the main current on the side facing away from the first 
wire, and oppose the main current on the side facing the first wire. The net effect 
is to redistribute the current in the cross section and result in current crowding 
on the side facing away from the other wire. This phenomenon is illustrated in 
Fig. 2.19. Similarly, in two adjacent conductors carrying AC currents flowing 
in opposite directions, such as power cables and a pairs of bus bars, the current 
in each conductor is concentrated into a strip on the side facing the other 
conductor. 





Fig. 2.19. Schematic diagram of current distribution in parallel cylindrical conductors caused 
by the proximity effect, with dark color showing high current density. 
Since the proximity effect can concentrate the current in an adjacent 
conductor into a small area of the cross section, the AC resistance of the adjacent 
conductor is increased when compare to its DC resistance. At higher frequencies, 
the proximity effect will significantly increase. The additional resistance will 
increase total power losses and reduce the Q factor in inductors. To minimize 
the proximity effect, special construction is used. The winding is usually limited 
to a single layer, and the turns are often spaced apart to separate the conductors. 
In multilayer coils, the successive layer are wound in a crisscross pattern to 
avoid having wires lying parallel to one another. Since the current flows on the 
surface of the conductor, high frequency coils are sometimes silver-plated, or 
made of litz wire. 
2.8.3 Core Losses 
Ferromagnetic materials are usually used as magnetic cores in inductors or 
transformers. When the core is subjected to a changing magnetic field caused 
by AC currents, some of the power is lost in the core, dissipated as heat and 
sometimes noise. Core losses are often described as being in two categories: 
hysteresis losses and eddy current losses. 
Hysteresis losses are caused by the movement of domain walls in 
ferromagnetic materials, which changes the magnetization of the material by 
expansion and contraction of the tiny magnetic domains when the applied 
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magnetic field through the material changes. When the domain walls move, they 
get "snagged" on defects in the crystal structure and then "snap" past them, 
dissipating energy as heat. Hysteresis losses can be seen in the B-H curve of the 
material, which has the form of a closed loop. The amount of energy lost in the 
material in one cycle of the applied magnetic field is proportional to the area 
inside the hysteresis loop. Since the energy lost in each cycle is constant, 
hysteresis power losses increase proportionally with frequency. Hysteresis 
losses are given by an approximate formula: 
 
1.6
maxh hP W f f   , (2.64) 
where f is the frequency,  is the hysteresis coefficient, max is the maximum 
flux density, and Wh is the energy lost in one cycle according to Steinmetz’s 
formula: 
 1.6maxhW  . (2.65) 
The empirical exponent varies from about 1.4 to 1.8, but is often given as 1.6 
for iron [66-68]. 
Eddy current losses are the energy of the eddy current dissipated as heat in 
the resistance of the core material. Eddy currents are circulating loops of 
currents induced by the changing magnetic field in the core, due to 
electromagnetic induction, and the loops of currents flow perpendicular to the 
magnetic field. The power losses are proportional to the area of the loops and 
the square of frequency, and inversely proportional to the resistivity of the core 
material.  
To reduce the eddy current losses, special design in transformers is 
employed to construct the core by stacking layers of thin steel laminations. Each 
lamination is insulated from its neighbors by a thin non-conducting layer of 
insulation. The effect of laminations is to confine eddy currents to highly 
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elliptical paths enclosing little area, which greatly reduces eddy current losses. 
An illustration showing eddy currents both in a solid core block and a laminated 





Fig. 2.20. Eddy currents in (a) a solid core block, and (b) a laminated core. 
2.9 Summary 
In this chapter, the basic laws in of inductive power transfer, which are 
Ampère's circuital law and Faraday's law of induction, are firstly reviewed. 
Ampère's law describes the magnetic field produced by current and Faraday's 
law describes the electromotive force generated by time-varying magnetic flux. 
The magnetic characteristics of substances, including ferromagnetic, 
paramagnetic, and diamagnetic is also introduce. Ferromagnetic materials is 
very important in IPT, which contributes to energy storage and transmission. A 
phenomenon called magnetic hysteresis exists in ferromagnetic materials and 
causes the relationship between magnetic flux density B and magnetic field 
strength H nonlinear and multivalued. 
Electrical resonance is that energy stored in electric field and magnetic 
field transfers significantly back and forth between capacitors and inductors. 
The simplest resonant circuits are series RLC circuit and parallel RLC circuit. 
Resonance occurs at resonant frequency with strongly magnified current or 
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voltage. A key parameter of resonant circuit, Q, is defined as the ratio of the 
peak energy stored to the average energy dissipated in it per cycle at resonance, 
and high Q indicates great resonant amplitude and low rate of energy loss 
relative to the stored energy in the resonator. 
As a fundamental structure of IPT systems, various circuit models for 
coupled inductors are introduced. A reflected impedance method, which 
replaces the secondary circuit with an equivalent impedance in the primary 
circuit, is applied to analyze coupled inductors. The power transfer efficiency is 
derived and suggests capacitive compensation both in primary and secondary 
circuit. Four types of capacitive compensation, i.e., SS, SP, PS, and PP, are 
introduced, and equations for capacitances are derived. The equations have the 
same form no matter what type of compensation is applied both in primary and 
secondary circuit. 
In real coupled inductors, skin effect and proximity effect change the 
distribution of current flowing in a conductor and result in resistance increasing. 
Litz wire wound in specially designed patterns can mitigate the disadvantages. 
Core losses in ferromagnetic materials are caused by hysteresis losses and eddy 
current losses. Low operating frequency and laminated cores help to reduce 
these losses.
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Chapter 3  
Design and Fabrication of the High-Q 
Resonant Coil 
3.1 Introduction 
In this chapter, a novel design on the structure of resonant coil is introduced. 
With this special design, the resonant coil can achieve relatively high Q to 
improve the power transfer capability and the power transfer efficiency of IPT 
systems. In Section 3.2, the structure of the resonant coil is presented and 
explained in detail. Then, based on the simulation of current distribution, the 
equivalent circuit model for the resonant coil is established and the function of 
resonant frequency is derived in Section 3.3. Next, in Section 3.4, materials for 
prototypes are carefully selected. Finally, in Section 3.5, prototypes of the 
resonant coils are fabricated and measured to verify the theoretical derivation 
and simulation on resonant frequency. This chapter is concluded in Section 3.6. 
3.2 Structure of the Resonant Coil 
As discussed in the previous chapter, in high frequency transformers, 
energy losses caused by skin effect and proximity effect can be a problem. Litz 
wire is often used as a solution. Litz wire is a type of cable which consists of 
many thin wire strands, individually insulated and twisted or woven together, 
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following one of several carefully prescribed pattern. The dimension of each 
thin conductor in the litz wire is less than a skin depth, so an individual strand 
does not suffer an appreciable skin effect loss. Current is distributed equally 
among every strand, which allows the interior of the litz wire to contribute to 
the cable’s conductivity. However, coils using litz wire have some limitations. 
One limitation is that coils made of litz wire cannot achieve very high Q, 
typically from tens to hundreds. Another limitation is that the fabrication cost 
of litz wire is high, especially at micrometer level, which results in an increasing 
unfavorable tradeoff between fabrication cost and energy losses at higher 
frequencies. 
To overcome these limitations and improve the performance of the coil, a 
new design on the structure of resonant coil is applied [69]. The resonant coil 
uses thin layers of conductor and dielectric instead of litz wire, which are easier 
to fabricate and less expensive compared to insulated thin wire strands. It is 
formed by a stack of thin conductor and dielectric layers filling the winding area 
of an open pot core illustrated in Fig. 3.1. 
 
Fig. 3.1. Schematic diagram with exaggerated thickness of layers of the resonant coil. 
Usually, a resonant coil carrying high currents consists of several repeating 
sub-stacks, named sections, of the same topology. In one section, as shown in 
Fig. 3.2, starting with a conductor layer at the bottom, dielectric layers and 
conductor layers are alternately stacked above, ending up a with conductor layer 
on the lop, i.e., each two adjacent conductor layers in the section are separated 
by a dielectric layer in between. The top conductor layer has two terminals for 
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the connection to external circuits. Aside from the top conductor layer, there are 
no other electrical contacts, no vias or external connections, in the rest of the 




Fig. 3.2. The structure of a section. 
The basic components in a section are dielectric layer conductor layer. 
Each dielectric layer is toroid shaped and each conductor layer is C shaped. The 
two successive C-shaped conductor layers are placed with the C’s facing in 
opposite orientations. Therefore, two overlapping areas are formed 
symmetrically between successive conductor layers. A sandwich unit is defined 
as two successive conductor layers with one dielectric layer in between as 
shown in Fig. 3.3. This definition is good for circuit analysis which can be seen 
in following sections. The symmetric overlapping areas are described by a 
parameter named overlap angle θ, with other parameters of dimension defined 
in Fig. 3.3. According to above configuration and definitions, a section of the 
resonant coil can be also seen as a stack of units, each two separated by a 
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dielectric layer, and only the top conductor layer has the connection to external 
circuits. Moreover, a resonant coil can be seen as a stack of sections, each two 
separated by several more dielectric layers which can reduce displacement 









Fig. 3.3. The structure of a unit. 
3.3 Circuit Analysis of the Resonant Coil 
3.3.1 Current Distribution of the Resonant Coil 
In order to explain how this structure works, circuit simulation and analysis 
are presented in this section. The resonant coil is essentially an integration of 
resistances, inductances and capacitances. Resistances mainly exist in each 
conductor layer, resulting in voltage drop along conductor layers. Inductances 
include self-inductances and mutual inductances, existing in each conductor 
layer and among conductor layers respectively, and causing voltage drop along 
conductor layers as well. Due to strong coupling by the ferrite core, mutual 
inductances are considered between any two conductor layers. Capacitances are 
formed by the overlapping areas of conductor layers together with the dielectric 
layer between them, which provide good current sharing between conductor 
layers. Therefore, resistances, inductances and capacitances distributed in the 
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resonant coil contribute to currents flowing in two directions: parallel with 
conductor layers and perpendicular to conductor layers. 
For a resonant coil with multiple sections, since each section is in parallel 
with others, it is sufficient to examine current distribution in just one section. A 
distributed circuit model for one section of the resonant coil is built in LTspice 
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Fig. 3.4. Distributed RLC model for one section of the resonant coil. 
In this distributed circuit model, a conductor layer is represented by a row 
of resistors and inductors alternatively connected in series. Each pair of resistor 
and inductor is seen as an element of the conductor layer. A dielectric layer is 
represented by a row of capacitors, which relates two successive conductor 
layers by connecting the terminals of elements in two conductor layers. The 
number of elements in conductor layers or the number of capacitors in dielectric 
layers is determined by accuracy of the simulation. The more elements a model 
has, the more accurate the simulation results are. 
The simulation results of a resonant coil with an overlap angle of 170° 
show that in a unit, the magnitude of conduction current in the conductor layer 
increases linearly from one edge to the non-overlapping area opposite to the 
open slot, and then decreases linearly until reaching the other edge. The 
maximum magnitude of conduction current which occurs in the non-
overlapping area is denoted by Imax. The angular position from 0° to 360° is 
easily used to describe the ring-shaped unit with 0° referring to the central 
position of the open slot of the top C-shaped conductor layer of the unit. The 
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magnitude of conduction current in conductor layers varying with the angular 
position is caused by displacement current in the capacitors of dielectric layers. 
From the edge of conductor layer and along the direction of current, 
displacement currents flow into the conductor layer from the above and below 
dielectric layers until reaching the non-overlapping area, and then flow out of 
the conductor layer to the above and below dielectric layers until reaching the 
other edge. The simulation result on the magnitude of conduction current in the 
conductor layers of the unit is illustrated in Fig. 3.5, and the result on the 
magnitude of displacement current density per angle in the dielectric layer of 
the unit is illustrated in Fig. 3.6. The reference direction in Fig. 3.6 is from 
Conductor Layer 2 to Conductor Layer 1 as shown in Fig 3.5. All the 
magnitudes are normalized by Imax. 
 
Fig. 3.5. Normalized magnitude of currents in two conductor layers of a unit versus angular 
position. 




Fig. 3.6. Normalized magnitude of current density per angle in the dielectric layer of a unit 
versus angular position. 
3.3.2 Equivalent Circuit Model for Unit Structure 
In a more general case of a unit with an overlap angle , the magnitude of 
conduction current flowing through the Conductor Layer 1, Ic1, is given by a 
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Similarly, the magnitude of conduction current flowing through the Conductor 
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Based on the previously defined reference direction of displacement current, the 
magnitude of displacement current flowing in the dielectric layer per radian, Id, 
is given by: 
 
3 3
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. (3.3) 
If seeing the two conductor layers as a whole, the current will flow in the 
conductive loop continuously and constantly at all angular position. Then, the 
loop current I0 of a unit is defined by adding Ic1 and Ic2, i.e., 
  0 1 2 0 2c c mI I I I        . (3.4) 
This definition is very helpful to simplify the equivalent circuit of a unit 
by using a lumped circuit model instead of the complex and distributed circuit 









Fig. 3.7. Lumped circuit model for a unit. 
The terminals of ①-③ in Fig. 3.7 correspond to the physical points ①-
③ of the unit in Fig. 3.3, i.e., point ① and ② refer to the two edges of the 
upper conductor layer and point ③ refers to the middle of the non-overlapping 
area of the lower conductor layer. Circuit elements are the resultant properties 
of electrical parameters within the unit. R0 and L0 refer to the resistance and the 
inductance of the conductive loop in respect to the loop current I0, respectively. 
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C0 refers to the capacitance of each overlapping area. The values of R0, L0, and 
C0 are derived as follows. 
As for a single conductive layer loop, the resistance Rloop is given by the 






















where  is the resistivity of the conductor, tc is the thickness of the layer, do and 
di are the outer and inner diameter of the layer. Since currents in conductor 
layers of the unit linearly increases or decreases over the distance of the overlap 
angle , the equivalent resistance of the unit at the overlapping areas is halved 
in terms of the maximum current Im. Thus, the equivalent resistance of the unit 















   
 

    . (3.6) 
The inductance L0, which is an approximation of a circular loop 
configuration, is given by: 
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where 0 is the vacuum permeability, and r is the relative permeability of ferrite 
core. 










   
 , (3.8) 
where 0 is the vacuum permittivity, r is the relative permittivity of dielectric, 
and td is the thickness of the dielectric layer. 
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3.3.3 Equivalent Circuit Model for Section Structure 
The lumped circuit model for a section, as shown in Fig. 3.8, is a 
combination of circuit models for the units. The connections between units in 
Fig. 3.8 are the capacitors C1 also caused by dielectric layers. Thus, C1 has the 
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Fig. 3.8. Lumped circuit model for a section. 
According to the equivalent circuit model for a section, units are connected 
by both mutual inductive coupling and capacitive coupling. Assuming strong 
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mutual inductive coupling between each two units, i.e., the coupling coefficient 
is close to 1, the mutual inductance M between each two units can be written as: 
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. (3.10) 
The assumption of identical L0 and M is based on no leakage flux among 
conductor layers. If the resonant coil have many layers, multiple sections are 
employed with electrical connected in parallel to ensure effective current 
sharing through capacitors and strong inductive coupling with little leakage 
among layers. The following derivation are based on these assumptions so that 
C0 are used for all capacitors for simplicity. 
3.3.4 Resonant Frequency of the Resonant Coil 
To calculate the resonant frequency of the resonant coil, the equivalent 
circuit model must be further simplified. In Fig. 3.8, the impedances of the units 
which has no electrical connection to the external circuit, denoted as Z0,(2) are 
reflected to the first top unit. The total reflected impedance is called Z′, as shown 







Fig. 3.9. Equivalent circuit for a resonant coil using reflected impedance. 
As for the unit without galvanic connections, there exists: 
 0,(2) 0 0
0
1




   , (3.11) 
  0,(1) 0,(2) 0,(2) 0,(2)0 2j M I N I Z I       , (3.12) 
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where I0,(1) and I0,(2) are the loop currents flowing through the top unit and the 
rest units, respectively, and N is the number of total units. Substituting (3.11) to 
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. (3.16) 
In general, R0, L0 and C0 are of the order of milliohm, microhenry and nanofarad. 
Thus, the reflected resistance and reactance can be approximately calculated as: 
   4 2 20 0 0Re Z C M R  , (3.17) 
   3 20 0Im Z C M  . (3.18) 
Since all the rest units are assumed to have the same influence on the top unit, 
the total reflected impedance are the linear addition of each reflected impedance: 
   01Z N Z   . (3.19) 
Finally, the impedance of the coil, named Zcoil, as seen from its two terminals 
are derived as: 
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When resonance happens, the impedance is purely resistive. By setting the 
imaginary part equal to zero, the resonant frequency f0 can be derived by solving 
the following equation: 
    
2
2 2 2 2 2
0 0 0 0 00=4 1 2 1L N C M C L N C M             . (3.22) 
Typically, the number of units N is from tens to hundreds. Thus, the approximate 









 . (3.23) 
3.4 Materials Selection 
3.4.1 Conductor Layer 
A major considerations for choosing conductive materials is to reduce 
energy loss caused by AC resistance. According to Section 2.8.1, the AC 
resistance of a conductor at a certain frequency is mainly determined by its 
resistivity and skin depth at this frequency. For some common conductors, Table 
3.1 gives their resistivity and skin depth at various frequencies. 
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Skin Depth (m) 
f=60 Hz f=103 Hz f=104 Hz f=105 Hz f=106 Hz 
Silver 1.59 × 10−8 8.19 × 10−3 2.01 × 10−3 6.35 × 10−4 2.01 × 10−4 6.35 × 10−5 
Copper 1.68 × 10−8 8.42 × 10−3 2.06 × 10−3 6.52 × 10−4 2.06 × 10−4 6.52 × 10−5 
Aluminium 2.82 × 10−8 1.09 × 10−2 2.67 × 10−3 8.45 × 10−4 2.67 × 10−4 8.45 × 10−5 
Iron 1.00 × 10−7 6.50 × 10−4 1.59 × 10−4 5.03 × 10−5 1.59 × 10−5 5.03 × 10−6 
Tin 1.09 × 10−7 2.14 × 10−2 5.26 × 10−3 1.66 × 10−3 5.26 × 10−4 1.66 × 10−4 
Lead 2.20 × 10−7 3.05 × 10−2 7.46 × 10−3 2.36 × 10−3 7.46 × 10−4 2.36 × 10−4 
In Table 3.1, from top to bottom, conductors are arranged with increasing 
resistivity, but the skin depth is also increasing for a same frequency, except for 
iron, whose skin depth is comparatively small due to high relative permeability. 
Therefore, there is a tradeoff between low resistivity and large skin depth. 
Considering that the operating frequency does not exceed 1 MHz, the thickness 
of the conductor layer will not be less than 50 m. Copper is chosen as the 
material of conductor layer because its resistivity is comparatively small and it 
is available for the thickness of 50 m. 
3.4.2 Dielectric Layer 
As for dielectric materials, factors such as relative permittivity, dissipation 
factor and dielectric strength are major considerations. Relative permittivity of 
a material, defined as the ratio of its absolute permittivity to the permittivity of 
vacuum, is an important parameter when forming capacitors. The simplest 
capacitor is the parallel-plate model as shown in Fig. 3.10, consisting of two 
parallel conductive plates separated by a dielectric with permittivity . Its 






 , (3.24) 
Chapter 3 Design and Fabrication of the High-Q Resonant Coil 
58 
 
where 0 is the permittivity of vacuum, r is the relative permittivity, A is the 
area of the conductive plate, and d is the distance between the plates. Therefore 
a large capacitance is determined by high permittivity of dielectric materials, 







Fig. 3.10. Parallel-plate capacitor. 
Dissipation factor, which is the reciprocal of quality factor, is a measure of 
loss-rate of energy of oscillation in a dissipative system. In dielectric materials, 
electrical potential energy is usually dissipated in the form of heat. A more 
practical lumped element model for a capacitor made of dielectric placed 
between conductors includes an ideal capacitor in series with a resistor named 
equivalent series resistance. A good capacitor usually has a small equivalent 
series resistance, so the loss-rate of energy is low, i.e., the dissipation factor is 
small. Typically, the dissipation factor of a dielectric material increases with 
increased thickness. 
The dielectric strength of an insulating material is a measure of the 
capability of withstanding electric field without breaking down. It is defined as 
the maximum electric field which an insulating material can withstand under 
ideal conditions before breaking down. Generally, dielectric strength decreases 
with increased frequency and slightly increases with increased thickness. 
Therefore, the dielectric strength of the material chosen should be strong enough 
to endure the voltage across two successive conductor layers at a frequency up 
to 1 MHz. 
Based on all above considerations, NOMEX® Type 410 insulation paper is 
chosen for dielectric layers. Its main properties are listed in Table 3.2. 
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Table 3.2. Main properties of NOMEX® Type 410 insulation paper. 
Thickness (m) Relative permittivity Dissipation factor Dielectric strength (kV/mm) 
50 2.5 4 × 10−3 17 
3.4.3 Ferrite Core 
As introduced in Section 2.3, there are many parameters describing the 
property of ferromagnetic materials. For choosing ferrite core, permeability, 
frequency range and core losses are mainly considered. EPCOS® N87 MnZn is 
one of the ferrites recommended by WPC for IPT systems. Its products can be 
manufactured into many shapes, such as cylindrical rod, E-shape core, toroidal 
core, pot core and so on. The main properties of N87 are listed in Table 3.3. 
Table 3.3. Main properties of EPCOS® N87 MnZn ferrite. 
Initial 
permeability 
Flux density (H=1200 
A/m, f=10 kHz) (mT) 
Coercive field 







220025% 490 21 25~500 >210 
3.5 Prototypes of the Resonant Coil 
According to the previous section, some main parameters of the prototypes 
of the resonant coil are summarized in Table 3.4. 
Table 3.4. Main parameters of the resonant coil. 
Parameter Value Parameter Value 
Outer diameter 59 mm Overlap angle 170° 
Inner diameter 29 mm Relative permeability of ferrite core 2200 
Thickness of conductor layer 50 m Relative permeability of dielectric 2.5 
Thickness of dielectric layer 50 m Relative permeability of glue 2.0 
Water-based glue is used to stick two adjunct layers together. The whole 
stack is compressed by high pressure until extra glue exudes from the edges of 
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the layers and solidifies. To verify little influence by the glue, the thickness of 
a 16-unit stack is measured by a vernier scale before and after glued. The 
average difference is less than 0.2 mm. Since every successive layers have a 
glue layer in between, the average thickness of a glue layer is less than 3.3 m, 
which is 6.6% of that of a dielectric layer. The relative permittivity of the glue 
is measured to be 2.0, similar to that of dielectric layers. Thus, the glue layer 
has little influence on the capacitances of C0 and C1 [70]. 
Then, we can calculate the resistance R0, inductance L0 and capacitance C0 
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According to (3.23), the theoretical relationship between the resonant 
frequency and the number of units are illustrated using a dash line in Fig. 3.11. 
Correspondingly, the distributed circuit models are simulated in LTspice and 
prototypes with varying number of units are measured to verify the relationship. 
The results are also illustrated in Fig. 3.11. As shown, the simulation results are 
consistent with the theory curve. The discrepancies between the experiment and 
simulation are caused by the assumption that in the simulation the coil is tightly 
surrounded by a uniform ferrite, so the permeability of the ferrite is used when 
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calculating L0. However, in practice, the winding area of the ferrite core is not 
completely filled up and lefts an air space. When the number of units is small, 
some of the flux passes through the air space, resulting in a decrease of self-
inductance. As the number of units increases, the winding area of the ferrite core 
is gradually filled up by the stack. The portion of the flux passing through the 
air space reduces so that the decrease of self-inductance is not significant and 
the prototyped coil is more closed to the model in the simulation. 
 
Fig. 3.11. The resonant frequency versus the number of coil units by theoretical calculations, 
simulations and experimental measurements. 
In the simulation, if we reduce the self-inductance of each distributed 
inductor proportionally to the occupancy ratio of the air space, i.e., a large 
reduction for low unit count and a small reduction for high unit count, the 
resulting resonant frequencies are more closed to that of experiment results as 
shown in Fig. 3.12. Therefore, based on the above analysis, there is a relative 
large discrepancy between the simulation and measurement for low unit count, 
but an acceptable discrepancy less than 4% when the number of units is 14 or 
above. 




Fig. 3.12. The resonant frequency versus the number of coil units by theoretical calculations, 
simulations, experimental measurements, and adjusted simulations by decrease of self-
inductance. 
Considering the practical issues in coil construction, a 16-unit, 8-section 
resonant coil is prototyped. The whole stack is tightly compacted and assembled 
in the winding area of the ferrite core as shown in Fig. 3.13. In Fig. 3.14, the 
resonant coil is measured by an impedance analyzer showing that the value of 
Q is 1200 at the resonant frequency of 550 kHz. 
 
Fig. 3.13. Photograph of a 16-unit resonant coil prototype. 




Fig. 3.14. Q of 1200 measured at the resonant frequency of 550 kHz. 
3.6 Summary 
In this chapter, the novel design on the structure of high-Q resonant coil is 
introduced and fabricated. To overcome the disadvantages of low Q and high 
cost at high frequencies of traditional coils made of litz wire, the proposed coil 
structure is an integration of C-shaped conductor layers and toroid-shaped 
dielectric layers alternately stacked. The stack usually contains several sections 
and only the top conductor layer in each section has terminals connected to the 
external circuit. A useful definition of unit, which consists of two successive 
conductor layers with an overlap angle  and one dielectric layer in between, is 
given and its current distribution is simulated. Based on the simulation, the 
distributed circuit model for a unit is simplified by the lumped circuit model of 
RLC and the values of RLC components are derived. Further, the equivalent 
circuit for the coil is built and the function of resonant frequency is derived 
based on reflected impedance. 
As for the materials of the coil prototypes, 50 m thick copper sheet and 
50 m thick insulation paper are used for conductor layers and dielectric layers, 
respectively. The ferrite core used is N87 MnZn with a relative permeability of 
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2200. The resonant frequencies of prototypes with various numbers of units are 
measured to verify the theoretical derivation and simulation results. Finally, a 
16-unit, 8-section resonant coil with a measured Q of 1200 at the resonant 
frequency of 550 kHz is fabricated and implemented in the proposed IPT system 
in the next chapter. 




Chapter 4  
Design and Construction of the IPT 
System 
4.1 Introduction 
In this chapter, the whole IPT system is established for portable device 
charging applications. Firstly, in Section 4.2, the overview of the structure of 
the IPT system, consisting of a primary subsystem and a secondary subsystem, 
is presented. Then, each module of the IPT system is introduced in detail. For 
the primary circuit, in Section 4.3, the half-bridge circuit is comprehensively 
analyzed for all states within one cycle, and the properties of MOSFET and gate 
driver chip chosen are given. In Section 4.4, series type of compensating is 
implemented in the resonant tank and the value of compensating capacitor is 
calculated. In order to maintain the resonant status when operating conditions 
vary, a frequency tracking unit is applied to counterbalance the change of 
resonant frequency in Section 4.5. In Section 4.6, a standby mode is designed 
to reduce energy consumption when the secondary side is absent. For the 
secondary circuit, properties of secondary coil are given in Section 4.7, and the 
value of secondary compensating capacitor is calculated. In Section 4.8, full-
wave rectifier to convert sinusoidal AC output voltage of the secondary coil to 
DC voltage is introduced, and this variable high DC voltage is further converted 
to a constant and stable DC voltage by a DC/DC converter for portable device 
charging in Section 4.9. This chapter is concluded in Section 4.10. 
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4.2 Structure of the IPT System 
The proposed IPT system is made of two subsystems, namely primary 
circuit subsystem and secondary circuit subsystem as shown in Fig. 4.1. In the 
primary circuit subsystem, the voltage output from a DC power supply is firstly 
converted to a high-frequency square wave by a half-bridge inverter. Then, the 
square-wave voltage is applied across the resonant tank, which contains a high-
Q resonant coil and a compensating capacitor. The frequency of the square wave 
is controlled by a frequency tracking unit which uses the phase lock loop circuit 
as a feedback to ensure that the resonant status of the resonant tank is always 
maintained. In the secondary circuit subsystem, the secondary coil is also 
connected to a compensating capacitor and the induced AC voltage output is 
converted to a pulsating DC voltage by a full-wave rectifier and regulated by a 
DC/DC converter so as to generate a constant and suitable DC voltage for 
portable device charging. The primary circuit subsystem and the secondary 

























Fig. 4.1. Block diagram of the IPT system consisting of a primary circuit subsystem and a 
secondary circuit subsystem. 




4.3 Drive Circuit 
4.3.1 Half-Bridge Circuit 
Half-bridge circuit implemented in the IPT system plays a role as a high-
frequency AC voltage source across the resonant tank to generate the varying 
magnetic field. The half-bridge circuit consists of an upper and lower switch, 
typically MOSFETs, connected in a cascade arrangement as shown in Fig. 4.2. 
This 5-terminal circuit includes a DC bus voltage input (1), a mid-point between 
the two switches (2), a ground return (3), a low-side gate drive input (4), and a 
high-side gate drive input (5). The output capacitance and the anti-parallel diode 


















Fig. 4.2. Half-bridge circuit with a series RLC load. 
The two switches are turned on and off complementary to each other with 
a non-overlapping dead-time by applying the correct voltage waveforms at each 
of the gate drive inputs. The output is a square-wave voltage at the mid-point 
which switches between the DC bus voltage and ground. With a series RLC load 
connected between the mid-point and ground, an AC current is produced 
through the load as the square-wave at the mid-point oscillates up and down. 
The voltage and current waveforms of the half-bridge circuit can be explained 
by dividing a cycle into the following six time zones in Fig. 4.3. Corresponding 
diagrams of switch states and current directions are given in Fig. 4.4. 
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Fig. 4.4. Operating status and current paths (red) of the half-bridge circuit: (a) Zone  (t0~t1), 
(b) Zone  (t1~t2), (c) Zone  (t2~t3), (d) Zone V (t3~t4), (e) Zone V (t4~t5), and (f) Zone V 
(t5~t6). 




Zone  (t0~t1): This state is shown in Fig. 4.4(a), where S1 is on and S2 is 
off. When t=t0, S1 is on and the mid-point is connected to the DC bus voltage, 
as well as the output capacitance of S2. Current flows from the positive side of 
the DC bus, through the upper switch, through the RLC load, and back to the (-) 
ground return path. The current ramps up to a positive peak level during the on-
time of S1. When t=t1, S1 turns off. 
Zone  (t1~t2): This state is shown in Fig. 4.4(b), where S1 and S2 both turn 
off during this short dead-time. The load current continues to flow out of the 
mid-point node. Part of the load current flows out of the top of the output 
capacitance of S2, and the other part flows out of the bottom of the output 
capacitance of S1, i.e., CDS1 is charging and CDS2 is discharging. This causes the 
mid-point voltage to slew down to ground. At the end of this state, CDS2 is fully 
discharged, so the mid-point voltage becomes 0. 
Zone  (t2~t3): This state is shown in Fig. 4.4(c), where S1 and S2 still 
remain off. When t=t2, the voltage across CDS1 equals to DC bus voltage and the 
voltage across CDS2 equals to 0. The voltages across the two output capacitors 
will no longer change. The load current only flows through the internal 
antiparallel diode D2 of the lower MOSFET. This diode, also known as the free-
wheeling diode, allows the current to flow in the negative direction while the 
switch is off. 
Zone V (t3~t4): This state is shown in Fig. 4.4(d), where S1 is off and S2 is 
on. When t=t3, S2 is on, the mid-point voltage continues to be at ground and 
current flow through the load from the channel of S2 instead of the diode D2 due 
to the lower resistance of the channel. The current crosses zero and continues to 
ramp down to a negative peak level during the on-time of S2. No current flows 
through the DC bus capacitor during this time. 
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Zone V (t4~t5): This state is shown in Fig. 4.4(e), where S1 and S2 both turn 
off during this dead-time. Similar as Zone II, the load current continues to flow 
into the mid-point node and is split between CDS1 and CDS2. Thus, CDS1 is 
discharging and CDS2 is charging. This causes the mid-point voltage to rise up 
to the DC bus voltage. At the end of this state, CDS1 is fully discharged, so the 
mid-point voltage becomes VDC. 
Zone V (t5~t6): This state is shown in Fig. 4.4(f), where S1 and S2 still 
remain off. Similar as Zone III, when t=t5, the voltage across CDS2 equals to DC 
bus voltage and the voltage across CDS1 equals to 0. The voltages across the two 
output capacitors will no longer change. The load current only flows through 
the internal antiparallel diode D1 of the upper MOSFET. 
4.3.2 Power MOSFETs 
The power MOSFETs implemented in the half-bridge circuit are IRF640N 
from International Rectifier [71]. It has characteristics of low on-resistance with 
the maximum value of 0.15  and fast switching speed. Its dynamic electrical 
characteristics are listed in Table 4.1 to verify that IRF640N is suitable for high-
frequency applications. In order to reduce the switching loss, the switching 
frequency is chosen as 100 kHz. 
Table 4.1. Dynamic electrical characteristics of IRF640N [71]. 
Turn-on delay time (ns) Rise time (ns) Turn-off delay time (ns) Fall time (ns) 
10 19 23 5.5 
4.3.3 Gate Drive Circuit 
The half-bridge requires a low-side gate driver, referenced to ground, for 
switching the lower MOSFET, and a “floating” high-side gate driver, referenced 
to the mid-point, for switching the upper MOSFET. The gate drive chip selected 
in this project is IR2111 from International Rectifier [72]. It is a high speed 




power MOSFET driver with one logic input channel, IN, and two dependent 
high and low side referenced output channels, HO and LO. The input and output 
logic timing diagram is shown in Fig 4.5. Internal dead-time is provided to avoid 






Fig. 4.5. Input and output logic timing of IR2111. 
The circuit connection between the gate driver and the half-bridge is shown 
in Fig. 4.6. Anti-parallel diodes, DG1 and DG2, are respectively placed in parallel 
with the gate resistor RG1 and RG2 to discharge the gate capacitances quickly 
































Fig. 4.6. Schematic diagram of the gate driver and the half-bridge with a series RLC load. 
4.4 Resonant Tank 
The resonant tank consists of a high-Q resonant coil proposed in the 
previous chapter and its compensating capacitor. A series type of compensation 
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is adopted here for the convenience of frequency tracking usage which is 
introduced in the next section.  
In order to have a resonant frequency of 100 kHz, the value of the series 
compensating capacitor should be selected according to (2.60). For a measured 
inductance of 379.4 nH of the resonant coil used, the primary compensating 




















4.5 Frequency Tracking Unit 
According to Section 2.6, in order to maximize the power transfer 
efficiency and minimize the VA rating of the power supply in an IPT system, 
the operating frequency should be closely tuned to or near the resonant 
frequency of the system. However, in practice, changes of the resonant 
frequency can happen due to load varying, shift of the position between the 
coupled coils, temperature changing, deviations of electrical components and so 
on. Thus, a frequency tracking unit is necessary to be implemented to control 
the operating frequency of the system to follow the changes of the system 
resonant frequency. Firstly, the phase properties of the resonant circuit is 
investigated. 
4.5.1 Phase Properties of the Resonant Circuit 
In a series RLC resonant circuit, the voltage across the capacitor VC is 
given in phasor form in reference to the source voltage VS by: 













If the phase of source voltage S is set to be 0, the phase of voltage across the 
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. (4.3) 
The phase difference between VS and VC is: 
 S C     . (4.4) 
The relationship between the operating frequency and the phase difference is 








Fig. 4.7. Operating frequency versus the phase difference between the voltage source and 
capacitor in a series RLC circuit. 
4.5.2 Phase-Locked Loop 
The phase-locked loop (PLL) consists of three fundamental functional 
blocks as shown in Fig. 4.8 [73-75]: 
1) A phase detector. (PD). 
2) A loop filter. (LF). 
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Fig. 4.8. Block diagram of the PLL. 
The PD, also referred to as phase comparator, compares the phases of two 
signals and develops an output signal ud consisting of a DC component and a 
super-imposed AC component. Its average value ud0 is approximately 
proportional to the phase difference . This relationship can be written as: 
 1 2     , (4.5) 
 0d du K   , (4.6) 
where Kd represents the gain of the PD. The AC component is undesired, so 
typically a first-order, low-pass filter is implemented to cancel it. The output 
signal of the filter is named uf. 
Then uf is sent to the input of VCO. The VCO can oscillates at an angular 
frequency VCO, which is determined by uf. The angular frequency VCO is given 
by: 
 0 0VCO fK u   , (4.7) 
where 0 is a pre-set angular frequency of the VCO and K0 is the gain of the 
VCO. 
4.5.3 PLL Chip 
The PLL chip CD4046B [76] from Texas Instrument is applied in this 
project. Its block diagram is shown in Fig. 4.9. From the diagram, the CD4046B 
consists of a low-power, linear VCO and two phase comparators, having a 
common signal-input amplifier and a common comparator input. 



















































Fig. 4.9. Block diagram of the PLL chip CD4046B. 
Phase comparator I is used in the design and it is an exclusive-OR network. 
The signal input (Pin 14) and comparator input (Pin 3) frequencies must have a 
50% duty cycle to obtain the maximum lock range. When there is no signal or 
noise at the signal input, the average output voltage of the phase comparator is 
equal to 0.5VDD, which is supplied to the VCO input (Pin 9) by the low-pass 
filter connected to the output of phase comparator I (Pin 2). This 0.5VDD voltage 
also causes the VCO to oscillate at the center frequency fc. A typical behavior 
of Phase comparator I is that the average output voltage is proportional to the 
phase difference between the signal input and comparator input varying 
between 0° and 180°, and is 0.5VDD at 90°. Fig 4.10 gives the operating 






Fig. 4.10. Input and output waveforms of the phase comparator I. 











Fig. 4.11. The average output voltage of the phase comparator I versus the input phase 
difference. 
An external low-pass filter is applied. The simplest low-pass filter is 
passive, first-order low-pass RC filter which consists of a resistor in series with 
a load, and a capacitor in parallel with the load as shown in Fig. 4.12. At lower 
frequencies, the capacitor exhibits reactance, and blocks low-frequency signals, 
forcing them through the load instead. At higher frequencies, the reactance 
drops, and the capacitor effectively functions as a short circuit. Thus, the 
average output voltage of phase comparator I can pass the filter with high-
frequency ripples filtered out. The break frequency fbreak, also called the turnover 











Fig. 4.12. Passive, first-order low-pass RC filter. 
The VCO requires an external capacitor C1 and resistor R1 with an optional 
resistor R2. R1 and C1 determine the frequency range of the VCO, while R2 
enables the VCO to have a frequency offset if required. The center frequency fc 




at 0.5VDD input and the frequency range, fmax−fmin, can be set by C1, R1 and R2 
based on the datasheet [76]. The voltage-to-frequency response characteristics 
both with and without offset are plotted in Fig. 4.13, respectively. A low-level 
at the inhibit input (Pin 5) enables the VCO and the source follower, while a 
















Fig. 4.13. The VCO output frequency versus the input voltage (a) without offset, and (b) with 
offset. 
According to the analysis above, the overall relationship between the VCO 
output frequency and the input phase difference of phase comparator I is 





















Fig. 4.14. The VCO output frequency versus the input phase difference (a) without offset, and 
(b) with offset. 
The two phase inputs of the frequency tracking unit are from the voltage 
across the resonant tank and the voltage across the primary compensating 
capacitor. When resonance occurs, the phase of the voltage across the resonant 
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tank is 90° leading the phase of the voltage across the primary compensating 
capacitor. The center frequency of the PLL is set to be the resonant frequency 
when the secondary coil is best positioned next to the primary coil. When the 
secondary coil is moving away from the best position, the mutual inductance 
will decrease, which results in the increase of the system resonant frequency. 
The output of the frequency tracking unit will respond to compensate the change 
of the resonant frequency. This procedure is graphically explained in Fig. 4.15, 
which combines the phase difference-to-frequency characteristics of the 
resonant tank and frequency tracking unit. The operating point P is where the 
pre-set center frequency equals to the system resonant frequency at the best coil 
positioning. A movement of the secondary coil leads to a raise of the 
characteristic curve of the resonant tank. The new operating point is now the 
cross-over point P', which has a higher operating frequency than before to cater 
the change of the system resonant frequency. Within the frequency range, the 
frequency tracking unit can keep the system operating frequency very close to 














Fig. 4.15. Combined characteristic curves of the resonant tank and the frequency tracking unit. 




4.6 Standby Unit 
A standby mode is necessary for the IPT system to achieve low energy 
consumption when the secondary side is absent. The designed standby unit 
consists of a dual-limit window comparator and a 555 timer IC. Its schematic 









































Fig. 4.16. Schematic diagram of the standby unit. 
The dual-limit window comparator is built using LM393 with an upper 
voltage level vu and a lower voltage lever vl. If the input voltage vin is between 
the upper level and lower level, the output will swing to the logical low, 
otherwise the output will swing to the logical high. The operating waveforms 






Fig. 4.17. Operating waveforms of the dual-limit window comparator. 
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The output of the window comparator passes through an inverting 
amplifier and are connected to the reset (Pin 4) of the 555 timer. When the reset 
is logical high, the 555 operates at the astable mode and puts out a continuous 
stream of rectangular pulses at the output (Pin 3) with a specific frequency. The 
frequency depends on the value of R5, R6 and C1 in Fig. 4.16 by: 
 








For each pulse, the high time Th and the low time Tl are given by: 
  1 1 2 ln 2hT C R R  , (4.10) 
 1 2 ln 2lT C R . (4.11) 
The standby unit is connected to the frequency tracking unit by the input 
from Pin 9 of the PLL chip and the output to Pin 5 of the PLL chip. When the 
secondary coil is absent, the resonant frequency of the system increases 
significantly, resulting that the operating point in Fig. 4.15 slips to the upper 
limit of the VCO output frequency. At this time, the VCO input voltage (Pin 9) 
is close to VDD. If the upper voltage level of the window comparator is set 
slightly lower than VDD, the output of the window comparator will flip to logical 
low and the 555 will begin to produce rectangular pulses. During the low time, 
the PLL chip will be inhibited by the output for energy saving. During the high 
time, the PLL chip will be enabled by the output to detect the existence of the 
secondary coil. Therefore, the standby unit shuts down the system when the 
secondary coil is absent, and enables the frequency tracking unit once in a while 
in case that the secondary coil is present. 




4.7 Secondary Coil 
The secondary coil is selected from the wireless power products of Wurth 
Electronics [77]. The dimensions are illustrated in Fig .4.18. It matches the 
dimensions of primary coil and is suitable for placing into portable devices. Fig. 
4.19 is a photograph of a real secondary coil. 
 
Fig. 4.18. Dimensions of the secondary coil (mm) [77]. 
 
Fig. 4.19. Photograph of the secondary coil. 
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This two-layer secondary coil has a relatively small DC resistance and a 
relatively large inductance, which contribute to a good value of Q at resonance. 
The magnet in the center helps to align with the primary coil for better coupling. 
Its main electrical properties are listed in Table 4.2. 
Table 4.2. Electrical properties of the secondary coil [75]. 
Properties Value 
Inductance (H) 2410% 
DC resistance () 0.07 
Q 90 
Rated current (A) 6.0 
Self-resonant frequency (MHz) 6 
Parallel compensation is adopted for the secondary coil. For the resonant 
frequency of 100 kHz, the value of the secondary compensating capacitor is 





















4.8 Full-Wave Rectifier 
A rectifier is an electrical circuit that converts AC current to DC current. A 
full-wave rectifier converts the whole of the input waveform to one of constant 
polarity, positive or negative, at its output, i.e., full-wave rectification converts 
both polarities of the input waveform to pulsating DC. For single phase AC 
current, four diodes in a bridge configuration form a full-wave rectifier as shown 
in Fig 4.20(a) and its waveforms are shown Fig. 4.20(b).  


















Fig. 4.20. Full-wave rectifier: (a) bridge configuration using four diodes, and (b) input and 
output waveforms. 
Among these four diodes, only two diodes conduct current during each half 
cycle. During the positive half cycle of the input, diodes D1 and D2 conduct in 
series while diodes D3 and D4 are reverse biased. During the negative half cycle 
of the input, diodes D3 and D4 conduct in series while diodes D1 and D2 are 
reverse biased. 
The average and root-mean-square output voltages of an ideal single-phase 













V  , (4.14) 
where Vp is the peak value of the input voltage. 
Although full-wave rectification can deliver unidirectional current, the 
voltage output is not constant. A smoothing circuit or filter is required to 
produce steady DC voltage output. In its simplest form this can be a reservoir 
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capacitor or smoothing capacitor, placed at the output of rectifier. The reservoir 
capacitor charges up when the voltage from the rectifier rises above that of the 
capacitor and then as the rectifier voltage falls, the capacitor provides the 
required current from its stored charge. The waveforms before and after 





Fig. 4.21. The output waveform of the full-wave rectifier (black) and the waveform after 
smoothed (red). 
The value of the reservoir capacitor must be chosen so that the time 
constant of the capacitor and the load resistance is much longer than the time of 








where fripple is the ripple frequency, which is twice the frequency of input sine 
wave if a full-wave rectifier is used. 
4.9 DC/DC Converter 
In order to convert the variable high DC voltage to a constant and stable 
DC voltage for portable device charging, A DC/DC converter should be applied. 
The DC/DC converter is an electrical circuit which converts a DC source from 
one voltage level to another. The chip selected for the DC/DC converter in this 
project is LM2576 [78]. The LM2576 is a step-down voltage regulator, capable 
of driving 3 A load with adjustable output voltage from 1.23 to 37 V. It also has 




a wide input voltage range up to 60 V. A typical connection for a fixed 5 V 


















Fig. 4.22. Schematic diagram of LM2576 for a fixed 5 V output. 
4.10 Summary 
In this chapter, the proposed IPT system for portable device charging is 
designed. It consists of a primary circuit and a secondary circuit connected by 
inductive coupling. In the primary circuit, the voltage from a DC power supply 
is converted to a high-frequency square wave by an inverter using the half-
bridge configuration and controlled by IR2111 gate driver. The high-frequency 
voltage is applied to the resonant tank, including the high-Q resonant coil in 
series with a 6.68 F compensating capacitor for the resonant frequency of 100 
kHz. In order to keep the resonant status, a frequency tracking unit is designed 
using PLL circuit. The voltages across the resonant tank and the primary 
compensating capacitor are sampled as the inputs of the frequency tracking unit. 
Based on the phase difference between the voltages, the operating frequency is 
controlled to cater the change of the resonant frequency caused by the 
movement of the secondary coil within a pre-set tracking range. The standby 
unit is implemented to reduce the power consumption by shutting down the 
system when the secondary coil is absent, and enabling the frequency tracking 
unit once in a while in case that the secondary coil is present. 
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In the secondary circuit, the coil is made of litz wire wound in a two-layer 
spiral shape on a ferrite plate with a cylindrical magnet in the center. For the 
resonant frequency of 100 kHz, the secondary coil is compensated by a 106 nF 
capacitor. The induced sinusoidal voltage is converted to a pulsating DC voltage 
by the full-wave rectifier using four-diode configuration. After smoothed by the 
reservoir capacitor, the high variable DC voltage is regulated by the DC/DC 
converter LM2576 to obtain a constant and stable 5 V for device charging. 
The complete schematic diagram of the IPT system is shown in the 
appendix, as well as the PCB layout. 




Chapter 5  
Experimental Results and Discussion 
5.1 Introduction 
This chapter presents the experimental performances and results of the 
proposed IPT system. Firstly, the hardware implementation on PCB is presented 
in Section 5.2. Then, in Section 5.3, testing on the IPT system is conducted and 
the performances are evaluated based on the resulting waveforms and 
measurements. In Section 5.4, the overall power transfer efficiency and the 
coupling efficiency are defined and measured at different coil distances. In 
Section 5.5, the load power is evaluated and two important characteristics of the 
IPT system, the power transfer efficiency and transmission distance capability, 
are compared with related works. This chapter is concluded in Section 5.6. 
5.2 Hardware Implementation 
Fig. 5.1 shows the hardware implementation of the proposed IPT system 
on PCB. It contains two separate boards, the primary side and the secondary 
side. At the primary side, the control circuits, including the gate driver, 
frequency tracking unit, and standby unit, are built on PCB. The half-bridge 
circuit and resonant tank are built on busbar outside the PCB due to high-current 
rating. The primary circuit has two power supply inputs. VCC1 is a 12 V DC 
voltage source supplying the control circuit on the PCB. VCC2 is also a DC 
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power supply applied across the half-bridge circuit for the resonant tank. At the 
secondary side, the coil is stuck to the board and its two terminals are soldered 
to the circuit on the PCB. Vout is the output of secondary circuit to provide a 
constant and stable 5 V DC voltage. The dimension of the secondary PCB is 
12.5 cm in length and 6.3 cm in width, which is suitable for the fitting in most 
portable devices. The load in the test is a constant 5  resistor. 
 
Fig. 5.1. Photograph of the hardware implementation of the IPT system. 




5.3 System Testing 
5.3.1 Testing of the Half-Bridge Circuit and the Resonant Tank 
Fig. 5.2 shows the waveforms of the high-side and low-side gate voltages 
in the half-bridge circuit. The dead-time measured is about 300 ns. When 
resonance occurs, the current flowing through the resonant tank Itank gets the 
maximum value, and the voltage across the compensating capacitor Vcmp,P is 
lagging behind the voltage across the tank Vtank by 90°. The experimental 
resonant frequency is 106 kHz. Relevant waveforms are measured and shown 
in Fig 5.3. 
 
Fig. 5.2. Measured voltage waveforms of the high-side (upper trace, 5 V/div) and low-side 
(lower trace, 5 V/div) of the gate driver with a measured dead-time of 291.6 ns. 




Fig. 5.3. Measured voltage waveforms across the resonant tank (upper trace, 10 V/div) and 
compensating capacitor (lower trace, 2 V/div), and the current waveforms (middle trace, 500 
mA/div) through the resonant tank at time scale of 4 s/div. 
5.3.2 Testing of the Frequency Tracking Unit 
The external circuit of the PLL chip is initially adjusted to ensure that the 
center frequency is equal to the resonant frequency when the secondary coil is 
best aligned. By varying the phase difference between two inputs, the VCO 
output frequency is measured to test the property of the PLL circuit. The 
characteristic curve is shown in Fig. 5.4, indicating that the center frequency is 
106 kHz and the frequency tracking range if from 62.2 to 157.8 kHz. 





Fig. 5.4. The VCO output frequency versus the phase difference between input voltages. 
When the distance between the primary coil and the secondary coil 
increases, the resonant frequency of the system changes to be higher. The 
resonant frequency tracking unit tries to tune the operating frequency following 
the change of the resonant frequency. The tracking of the resonant frequency 
tracking unit is shown in Fig. 5.5, with the 7.6% maximum difference at the 
separation distance of 9 cm. 
 
Fig. 5.5. The resonant frequency and the tracking frequency versus the coil distance. 
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5.3.3 Testing of the Secondary Circuit 
In the secondary circuit, the induced AC voltage across the secondary coil, 
Vcoil,S, is rectified by the full-wave rectifier and converted to a constant and 
stable 5 V DC voltage Vout. The waveforms of these two voltages are measured 
and shown in Fig. 5.6. 
 
Fig. 5.6. Measured AC voltage across the secondary coil (upper trace, 5 V/div) and DC 
voltage across the output of DC/DC converter (lower trace, 5 V/div) at the time scale of 4 
s/div. 
5.4 Efficiency of the IPT System 
The overall power transfer efficiency o of an IPT system is an end-to-end 
efficiency from the DC power supply to the load, defined as the ratio of the 
power consumed by the load to the power supplied by the source. The coupling 
efficiency c is from the primary coil to the secondary coil, defined as the ratio 
of the output power of the secondary coil to the input power of the primary coil. 
o and c are expressed as follows: 













  . (5.2) 
Factors which influence the overall power transfer efficiency are the 
efficiency of the half-bridge circuit and resonant tank, the efficiency of the 
coupling, and the efficiency of the secondary circuit. Among them, the coupling 
efficiency is the key factor which determines the overall power transfer 
efficiency, especially when the distance between the primary and secondary coil 
increases. These two efficiencies are measured at varying distance between the 
primary and secondary coil as shown in Fig. 5.7.  
 
Fig. 5.7. The coupling efficiency and the overall power transfer efficiency versus the coil 
distance. 
The results show that the highest coupling efficiency is 93% and the 
highest overall power transfer efficiency is 87%, where the two coils are placed 
closely without gap. The workable distance is up to 8.6 cm between the primary 
coil and the secondary coil with a power transfer efficiency of 10%. 
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5.5 Evaluation of the IPT System 
The load power at different coil distances are measured and plotted in Fig. 
5.8. When the distance between two coils is 0, the output voltage from the 
DC/DC converter is 5 V, and the current through the load is 1 A. As the distance 
increases, the 5 W load power is maintained until the increasing current in the 
primary circuit reaches its limitation of 2.8 A. This current limitation is 
determined by the permissible rms current of 3.0 A through the primary 
compensating capacitor at 100 kHz and 85°C [79]. From 6.5 cm, the output 
voltage begins to drop, as well as the load power. The minimum load power 
measured is about 1.5 W at 9 cm. 
 
Fig. 5.8. Load power versus the distance between two coils. 
Fig. 5.9 gives performance comparison between the proposed IPT system 
and other related works on the maximum power transfer efficiency and the 
transmission distance ratio, which is the ratio of the maximum transmission 
distance (8.6 cm) to the coil equivalent dimension (5.9 cm). The proposed IPT 
with a maximum efficiency of 87% and the transmission distance ratio of 1.46 
shows a relatively high performance compared to other works cited. This also 




verifies that the proposed IPT system is effective enough for portable device 
charging. 
 
Fig. 5.9. The comparison of the maximum power efficiency and transmission distance ratio 
with related works from [80]-[87]. 
5.6 Summary 
In this chapter, tests and measurements on the proposed IPT system is 
performed and the results are recorded and analyzed. The primary and 
secondary sides of the IPT system are built on two separate boards respectively 
with control circuits on PCB and high-current circuits on busbar outside the 
PCB. When the coil distance is 0, at the resonant frequency of 106 kHz, 5 V DC 
voltage is obtained across the 5  resistive load with the maximum coupling 
efficiency of 93% and the maximum overall power transfer efficiency of 87%. 
As the distance increases, the load power is maintained constant at 5 W and 
drops after the increasing current in the resonant tank reaches the limitation. At 
the separation of 9 cm, both the coupling efficiency and overall efficiency 
decrease below 10% and the frequency tracking difference is 7.6%. If we define 
the maximum transmission distance as that where the overall efficiency reduce 
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to 10%, the transmission distance ratio, which is the ratio of the maximum 
transmission distance to the primary coil dimension, is 1.46. The proposed IPT 
system is bench-marked with other related works to demonstrate its 
performance in effective power transfer for the charging of portable devices. 




Chapter 6  
Conclusions and Future Work 
6.1 Conclusions 
Since the first experiment on wireless power transfer conducted in the 
beginning of 20th century, research interest in near-field and far-field wireless 
power transfer continued through the whole century. As portable electronic and 
communication devices mushroom at the turn of the 20th century, wireless 
power transfer as a novel charging technology is applied due to many 
advantages. Inductive power transfer as one of the wireless charging methods is 
widely investigated to improve its power transfer efficiency. 
Theoretical analysis is conducted in Chapter 2. Based on electromagnetic 
laws and circuit models using reflected impedance, the key component of IPT 
systems, coupled inductors, is analyzed. It is necessary to implement 
compensating capacitors, including SS, SP, PS and PP, for primary and 
secondary inductors and operate at the only resonant frequency of the system to 
achieve maximum power transfer efficiency and minimum VA rating of the 
supply. 
The high-Q resonant coil is designed in Chapter 3. The topology of 
alternately stacked C-shaped conductor layers and toroid-shaped dielectric 
layers is adopted to overcome the disadvantages of litz wire at high frequencies. 
Based on the current distribution by simulations, the lumped circuit model for 
the defined unit structure is established and used as a basic component for stack 
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model. The function of resonant frequency is derived and verified by both 
simulations and experiments. A 16-unit, 8-section prototype with a measured Q 
of 1200 at the resonant frequency of 550 kHz is finally chosen for the IPT 
system. 
The IPT system is designed in Chapter 4. Energy from the DC power 
supply at the primary side is converted by the half-bridge circuit to a high-
frequency magnetic field coupling the primary and secondary coils. The 
induced AC voltage at the secondary side is converted to the DC voltage by the 
full-wave rectifier and regulated by the DC/DC converter for the constant and 
stable 5 V output. The frequency tracking unit adjusts the operating frequency 
to follow the varying resonant frequency to maintain resonant status. The 
standby unit reduces the system power consumption when the secondary coil is 
absent. 
The IPT system is tested in Chapter 5. Building on two separate PCBs, 5 
W power can be transferred at the maximum transmission distance of 6.5 cm 
for the highest overall power transfer efficiency of 87% at the resonant 
frequency of 106 kHz. The proposed IPT system with the transmission ratio of 
1.46 is bench-marked with other related works to demonstrate its performance 
in effective power transfer for the charging of portable devices. 
6.2 Future Work 
Recommendations for future work are listed as follows. 
1) For coil fabrication, use dielectric materials with higher relative 
permittivity adhesive with higher relative permittivity instead of glue. 
More layers to reduce the value of compensating capacitor. 




2) Build 3D physical model for the high-Q resonant coil and simulate 
using finite element method to examine the current and flux 
distribution within the coil for a more accurate calculation of 
inductance, capacitance, resonant frequency and Q. 
3) Adopt soft switching technology, ZVS or ZCS, instead of hard 
switching to increase the operating frequency and improve the overall 
efficiency by reducing the switching losses. 
4) Use circuit components and PCB route with high-current rating for 
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1. Schematic diagram of the IPT system. 
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Fig. A2. PCB layout of the IPT system: (a) the primary circuit, and (b) the secondary circuit. 
